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ABSTRACT
The kinetics

o~

the isotopic exchange reaction

between o18_enriched chromate ion and solvent water
have been measured as a
concentration.
in terms

o~

HCro4 + cro4

~unction o~

pH and chromate ion

The exchange kinetics can be explained

the dimerization equilibria
;::::::::!

cr2o? + OH- and 2HCro,4

';:=::!

except at high pH, where it is independent

cr2o? + H20

o~

pH.

Bate

constants at 30°C ~or the reactions of the dimerization
equilibria and the first order reaction at the high pH
have been evaluated from the exchange results.

The

activation energy of the exchange at pH 8.70 and
chromate ion is 11,500 cal mole-1 •
~aster

in

o2 o

0.15~

The reaction proceeds

with Ro/RH equal to 1.64 at pH 7.2.

The

experimental results are compared with the values obtained
by other investigators.
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INTRODUCTION

I•

The importance of heavy oxygen as a means of investigating the mechanism o~ certain reactions was recognized
soon

.

a~ter

its discovery.

The possibilities

o~

oxygen

-

-

P04,
=

exchange between water and oxyanions such as so4,
-

- - -

-

As04, Mn04, N03, Cl04, Clo 3 , co 3 and cro4 have been invest1gated.(l)(2)(3)(4)
Each oxyanion contains a central atom in a positive
oxidation state, surrounded by oxide ions or hydroxide
ions.

The rate

o~

oxygen exchange between water and

oxyanions 1s a function o~ several factorsa(l)
A.

The acidity of the media used.

B.

The size of the central atom

c.

The electronegativity of the central atom

o~

the oxyanion.
o~

the

oxyanion.
D.

The oxidation state

o~

the central atom of the

oxyanion.
The rate of oxyanion exchange reactions is generally
dependent upon the acidity of the media, for the rate
generally increases strikingly with increased hydrogen
ion concentration.

Another important factor on the rate

of oxyanion exchange reactions is the oxidation state of
the central atom.

In cases of elements that form oxyanions

in more than one oxidation state, it is found that the
rates for the lower oxidation state are faster than those
for the higher oxidation state, as evidenced by the rate

2

of oxygen exchange of Cl0->Cl02>C10j>Cl0 4 previously
reported.(J)

Within a period of the periodic table it

is generally true that rates of replacements decrease as

=

-

the charge increases from left to right, as H2Si04, HP04,
so4 and c1o4.

It is reasonable that the strength of the

oxygen-to-central- atom bond should increase as the charge
In any family of' the

on the central--atom increases.

periodic table, the rates of replacement increase as
the size of the central-atom increases.

This is to be

expected, since the strength of the oxygen-to-central atom bond decreases as size increases; the rates of oxygen
exchange have been reporteda

Clo -3<Bro -3<Io -3 • ( 2)

The system composed of the oxyanions of chromium(VI)
in aqueous solution and their interactions with hydronium
and hydroxide ions has been the subject of several types
of investigation.

The rapid hydrolysis or neutralization

of dichromate ion solutions has been the subject of
several studies utilizing flow techniques.(5)( 6 )(7)(B)
The kinetics of the monomer-dimer equilibrium was further
studied by a relaxation method by Swinehart and castellan.

( 9)

Another investigative approach is the measurement of the
exchange of isotopic oxygen between chromate(VI) oxyanions
and solvent water.

This method offers the advantage of

studying the system at chemical equilibrium with the
rate of isotopic exchange reflecting the rates of all
processes resulting in exchange.

From the early

stud1es,(lO)(ll)( l 2 )(lJ) there were no data reported on

3
the activation energy and the deuterium isotope effect on
the rate of oxygen exchange between the chromium(VI)
oxyanion and solvent water.
The present work includes data not only on the effect
of chromium(VI) oxyanion concentratio ns and pH on the rate
of oxygen exchange, but a1so evaluates the possible mechanisms proposed for the hydrolysis of dichromate as we11
as for the oxygen exchange of the chromate ion.

The acti-

vation energy and the deuterium isotope effect on the rate
of the oxygen exchange between the chromate ion and water
is used to evaluate the mechanism.

4
II.

REVIEW OF LITERATURE

FArly attempts of the study of the heavy oxygen
reactions had been reviewed by Rietz and Day. (l 4 )(l5)
The work done by Mills in general showed that the effect
of alkali is to retard greatly but not eliminate the
reaction of the oxygen exchange between. chromate ion and
water.

He reported that at 19.3°c, the half-time for the

oxygen exchange of sodium chromate and water is 4.5 hour~(l~
In Mills' work, the method of density measurement was used1
however, this method does not permit exact determinations
of isotopic composition.
In 1940, several investigators found that the halftime of oxygen exchange for sodium chromate and potassium
chromate with ol8_water, at l00°C, in neutral or alkaline
solution, is about 24 hours, but in a neutral solution of
chromate at 20°C, the exchange proceeds at a faster rateJ
the half-time is about 4.5 hours.<l7)

In the presence of

caustic alkali at 20°C, however, there is no measureable
exchange in 240 hours.

This retardation by alkali is

thought to be due to the equilibrium reaction
cr2o7 +

H2o~ 2Hcro4. ( 1 7)

At the same time, Hall and Alexander found that in
the case of sodium chromate, the half-time may be about
minutes or less at 100°c.(ll)

5

From those early investi-

gations, mechanisms involving formation of dichromate have
been suggested as t

K2 cro4 + H 2 o~ 2K+ + OH- + HCro4

5
followed by
No data were available as to the effect of chromate ion
concentration on the rate of oxygen exchange of chromates
until the publication of the work by Baloga and Earley. (l 2 )
They stated that the rate of oxygen exchange between
chromate and water in moderately alkaline solution is

== concentration and independent of pH.
first order in Cr04
The first-order rate constant at 25°C in 1~ LiCl04 is

(6 • 9 +- o • 1)

X

lo- 4 min-1.•

Below pH 9.7. the rate is pH

dependent; at pH 7.2 the rate is second order in chromate
ion concentration indicating a mechanism involving cr 2 o7.
In another report,<lS) several oxy-species and equilibria that can exist in aqueous solutions of Cr(VI)
dependent upon the pH were reporteda
cr 2 o? + H2 0:r=! 2HCr0,4
cr 2 07 + OH- ~ HCr04 +
HCr04 + OH-~ Cr04 + H20
Hero.;; P

cro4 + H+

H2Cr04 ~ HCr04 + H+
The investigators reported that above pH 8, only CrOi:;
ions exist, whereas in the pH 2 to 6 range, HCrO£; and cr 2 o7
ions are in co-equilibrium.

At pH ~ 1, other species such

as H2 cro4 may exist.
The most recent study on the oxygen exchange between
cro4 and water was done by Holyer and Baldwin.<lJ}

They

6

determined the rate of oxygen· exchange between ol~enriched
chromate ion and water as a function of pH and the total
chromate ion concentration.

They also concluded that

the exchange can be explained in terms of the dimerization
equilibria a
HCr04 + cro4 ~ cr 2 o7 + oH2HCr04

Cr 2o? + H2 o

except at high pH, where a slow pH-independent exchange
was reported and the process isa
cro *==
4 + H2 o -- - cro4= + H 2o*

7
III.
A.

EXPERIMENTAL

Preparation of o 1 8-Enriched Samplea
ol8_tagged sodium chromate was prepared by dissolving

C.P. grade sodium chromate in water enriched to about 1.5%
in o18 (Obtained from International Chemical & Nuclear
Corp. Chemical & Radio-isotope Division, Irvine, Calif.)
for more than twenty-four hours at 30°c.

The resulting

solution contained the enriched sodium chromate.

This

solution was then cooled in ice and vacuum distilled to
obtain the

o18-enriched

sodium chromate which was then

recrystallized from the solution.
B.

Preparation of Solutions for the Kinetic Runsa
The oxygen. exchange between the enriched sodium

chromate and solvent water was found to proceed by three
paths depending on the acidity.

-

Stock solutions of HCl04

(O.lN) and NaOH (O.lN) were prepared.

-

Solid enriched

sodium chromate was dissolved in distilled water containing
the calculated amount of

0.1~

HCl04 or

0.1~

NaOH to give

the desired pH and having a concentration of LiCl04 calculated to bring the total ionic strength top=l.

This

solution was then put into the water bath at constant
temperature (30 ± 0.02) 0 c.

c.

Outline of a Kinetic Exchange Experiments
1.

Chromate Ion-water Exchange•

A typical exchange solution was prepared by weighing
a known amount of solid enriched sodium chromate into a

8
volumetric

~lask

containing a previously standardized

HCl04 (or NaOH) -LiCl04 solution with the desired pH and
The pH

ionic strength at a certain constant temperature.

was determined by using the Beckman Zeromatic directreading pH meter.

Samples

o~

the exchange reaction were

pipetted, at predetermined time-intervals, into centri~uge

tubes which contained O.lli Pb(No 3 ) 2 solution for pre-

cipitating the chromate and thereby quenching the exchange.
The precipitates were then

centri~uged,

washed and re-

centri~uged, and finally oven-dried below l00°c.

The

dried samples were mixed with graphite, rolled in Molybdenum

~oils,

clamped in the holders as shown in Figure 1

and connected to a vacuum system.

A sample bulb was con-

nected to the vacuum system and the entire system was
When this pressure was

evacuated to 10-5 mm Hg or lower.
reached, the system was shut
the

~oil

from the vacuum pump and

containing the sample was heated by means

electric current.
into the

of~

~reezing

The evolved co 2 was then

~rozen

o~

an

out

tip of the furnace with liquid air.

gases not condensed were pumped

o~f

Any

and after a suitable

vacuum was reached, the C02 was then allowed to expand
into the sample bulb.

There were other gases present

besides co 2 but none interfered with the isotopic analysis.
2.

Time Measurements

The exchange rates for the exchange

o~

oxygen between

chromate ion and water were found to be moderately

~ast

at

9

\ ;o

COLD TRAP AND
\VACUUM PUMP
TO THERMOCOUPLE GAUGE
HI-VAC STOPCOCK

Na 2 Cr04 AND
GRAPHITE
MIXTURE
ROLLED IN
MO FOIL

TUNGSTEN TO
PYREX SEAL

-~

FREEZING
TIP

n

TO SAMPLE BULB

Figure 1.

Furnao e

10

room temperature and in acidic solutions.

It was found

that during the preparation of an exchange solution, some
exchange occurred.

Thus, the zero time taken for all the

exchange studies was that for the first sample taken.
Infinite time samples were taken after several half-lives
had elapsed and the isotope ratios found compared, within
experimental error, with the isotopic ratio found for
tank co 2 which was used as the standard.

Since this was

so in many cases, the isotopic ratio for tank co 2 was
sometimes taken as the value for the infinite time sample.
J.

Isotope Batio Measurements

The oxygen isotope exchange ratio of co 2 was evaluated from the co 2 peaks.

The ion currents of m/e (mass/

charge) 46 and 44 were measured separately by means of a
Mat Beschreibung Mass Spectrometer Model GD150.

The m/e

value of 46 corresponds to the ion current of ~o 18 +
and that of 44 to the ion current of c 12o 16 o;6 + The ratio
that is measured is expressed bya
ratio of

~
........

= """(~cl_2~o'-l-6.:;0~1-8+-"")_+:......l(~C:..w-1..,2.¥.ol,.,7~o~l.n7~+~)_..;.+_.(C:::..l_J...::O:...l_6..:=::o_l_7+__,_)
( 0 I20 t6 0 t6+>

or ratio of 46 = (Cl2016018+)
~

<c12 0 t6 0 i6+>

since the amount contributed by (c12o 1 7ol7+) and
ccl3ol6ol7+) is very small.
4.

Treatment of Dataa

The half-time of exchange was determined by making a
plot of log (1·• F) vs. timet, where F is defined as the

11

F is calculated by the equationa

fraction exchange.
F

=

o~B

olB

018 - 018
0

00

where, 0 18
t = atom fraction in cro!; or water at time t.
0 18 = atom fraction in cro= or water at time o.
0
4
18
0 Go = atom fraction in cro4= or water at time oo.
The rate of the reaction leading to exchange was calculated using the equation~l9)( 2 0)
R

= 2o)
= 4(CrO"')(H

4(cro4> + (H 2o)

where the quantities in parentheses are concentratio n
1n formula weight per liter.
D.

Resultsa
1.

The Chromate Ion-water Exchangea

Typical data for the oxygen exchange between chromate
ion and water are shown 1n Table I.

By plotting log

(1 - F) vs. time and using the equation as described
under the section of treatment of data, the rates of the
exchanges can be evaluated.
Figure 2.

A typical plot 1s shown 1n

All of the experimental results of the rates

of oxygen exchange between cro4 and water at 30°C are
shown in Table II.
2.

The Proposed Reaction Mechanismsa

Since the rate is dependent on both chromate ion
concentratio n and hydrogen ion concentratio n, the relationships among the rate, chromate ion and hydrogen ion concentrations can be obtained by plotting the rate against
the chromate ion concentratio n at constant pH value and

12
the hydrogen ion concentration at constant chromate ion
concentration.

Those data are shown in Tablesiii and

rv.

The plots of chromate ion concentrations against constant
pH are shown in Figure 3.

The plots of hydrogen ion

concentrations against constant chromate ion is shown in
Figure 4.

The slopes of the lines reflect the order of

exchange with respect to chromate and hydrogen ion respectively.

So, from Figures 3 and 4 the resUlts of the

rate dependence on the concentrations of chromate ion
and hydrogen ion area

RCC ( H+ )0.09 {Cr(VI))l.l

pH>lO

Rcc ( H+ )1.21 {Cr(VI))l.98

pH

RCIQ { H+ )1.72 (Cr(VI))2.13

pH< 8

3.

8--10

The Activation Energya

The activation energy was calculated for the exchange
at pH 8.7 and 7.2.
was

0.15~

and

The concentration of sodium chromate

0.20~,

respectively.

The exchange rates

were measured at 25°, 30°, 35°, 40° and 50°.

The results

are listed in Tables V and VI and plots of the logarithm
of rate versus the reciprocal of the absolute temperature
are given in Figures 5 and 6.

The slopes of the lines in

Figures 5 and 6 give the Arrhenius activation energy,

Ea•

by the relationship&
slope

a

d(lo' R}
d(l T)

a

d(lo' k)
d(l T)

a

2. 303

X

R'

where R' is the gas constant and T is the absolute temperature.

The Arrhenius activation

en~rgies

are calculated

13

Table I.

Typical Data

~or

Na 2 cro4

the Chromate-Water Exchange

= 0.18M

= 30°C
p =1
pH = 7.20
T

Sample No.

Time(min)

46/44 ratio

1 - F

44

8

o.oo627

1

45

13

0.00612

0.9)

46

18

0.00592

0.8)5

47

2)

0.00572

0.740

48

28

0.00.563

0.699

49

00

0.00415

ti = 37 min.
R

g 8.04 X 10-l g-atom-oxygen 1-1 hr- 1

14

(Cr o4 =) = 0.18 M

LL

I

fL

= 1.0

pH = 7.2
RATE= 8.04 x 10-l g -ATOM -OXYGEN (I hr-1

TIME (MIN)
Figure 2.

Typical Graph for Determination of the HalfLife of Exchange and the Rate Constant
at 30°C.
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Table II.

Bates o"f Oxygen Exchange Between Chromate Ion
and Water at 30°C

(Cro4> •!1
o.15

0.18

o.2o

0.25

pH

ti

R (g-atom-oxyg en 1-!hr-!)

11.80

342 hrs.

1.22 X 10-3

10.50

260 hrs.

1.60 X 10-3

9.80

192 hrs.

2.16 X 10-3

8.70

530 min.

4.73 X 10- 2

6.65

3.5min.

11.15

295 hrs.

1.70 x 1o-3

10.50

216 hrs.

2.31 X 10- 3

7.20

37 min.

8.04 X 10-1

10.50

214 hrs.

2.60 X 10-3

8.70

405 min.

8.24 X 10- 2

7.20

33 min.

10.50

210 hrs.

3.29 X 10- 3

8.70

325 min.

1. 30 X 10-l

7.20

26 min.

7.132

1.008

1.602

16

Table III.

Values of log (Bate of Exchange) Obtained
from Data of Table I at Constant pH

pH
10.50

8.70

7.20

( Cr (VI) ) , ,!

log·R

0.15

-2.7959

0.18

-2.6364

0.20

-2.5850

0.25

-2.4802

0.15

-1.:3251

0.20

-1.0841

0.25

-0.8861

0.18

-0.0947

0.20

-·0.0033

0.25

0.2096

17

pH= 8.70

•
~SLOPE

~
a::
-

LaJ

•
t:

1.98

pH = 10.50

-2.65------~----~----~----_.----~~--~

-0.85

-0.80

-0.75

-0.70

-0.65

-0.60 -0.55

LOG (Cro4 =)
Figure 3.

Dependence of the Bate of Oxygen Exchange
Between Chromate Ion and Water on Chromate
Ion Concentrat1ons.
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Table IV.

Dependence of Rate of Exchange on
Hydrogen Ion Concentration at
Constant Chromate Ion Concentration

0.15

0.18

0.15

0.15

pH

log R

11.80

-2.9136

10.50

-2.7959

11.15

-2.7696

10.50

-2.6364

9.80

-2.6655

8.70

-1.3251

7.20

-0.0947

6.65

0.8532

19

SLOPE

SLOPE

-

= 1.72

=

LLJ

~ -2.1

a::

-(,!) -2.3
0

....J

-:3.o~-s~--~7~--~a~--~g~--~~o~--~~~----~~2~
pH
Figure 4.

Dependence o~ the Bate o~ Oxygen Exchange
Between Chromate Ion and water on Hydrogen
Ion Concentrations.
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Table V.

Experimental Data for the Determinatio n
of Activation Energy at pH 8.?

-

Cr04 • 0.15

!1

pH • 8.70

Experiment No.

Temperature • oc

20

25

3.58

X

lo- 2

4

30

4.73

X

l0- 2

21

35

6.43

X

10- 2

22

40

8.75

X

lo- 2

23

so

1.67

X

lo- 1

*

Hate in g-atom-oxyge n l-1 hr-l.

Bate*

21
0.7~------~--------~------~---------

(Cr o4=) = 0.15

pH

0.8

M

=8.70
E

SLOPE= 2 .3 ; 3 R

= 2.504XIO

0.9

1.0

-~
a::
-

LIJ

(!)

1.1

1.2

0

-l

E 0 =- 11,500 CAL MOLE -I
•
-1
~H 303 =10,900 CAL MOLE

3.1

Figure

s.

3.3

3.4

Determination of Activation Energy for the
Exchange of Oxygen Between Chromate Ion
and water.at pH 8.?.

22

Experimental Data

Table VI.

o~

~or

the Determination

Activation Energy at pH 7.2

cro4= = o.2o !1
pH • 7.20

Experiment No.

*

Temperature,

oc

Hate*

24

20

.o. 527

11

30

1.008

25

35

1.351

26

40

1.851

27

so

3.480

Rate in g-atom-oxygen 1-1 hr-1.

23
Q6r-------~--------~--------~----------(Cr 0 4 =) = 0.20 M
pH

0.5

= 7.20
Ea
3
2.303R = 2.53 X 10

0.2

~
a::

(!)

0

0.1
0.0

...J

-0.1

E 0 = 11,600 CAL MOLE-I

*

-0.2

.6H 303 = 11,000 CAL MOLE -1

-0.3~------~--------_.--------~--------._~

3.0

Figure 6.
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Determination of Activat1on Energy for the
Exchange of Oxygen Between Chromate Ion and
Water.at pH 7.2.
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to be 1.15 x 10 4 cal rnole- 1 for a chromate ion concentration of O.l5M and a pH of 8.7. and to be 1.16 x 10 4
cal mole-1 for a chromate ion concentration of 0.20~ and
a pH of 7.2.

The heat of activation, AH*, is given byz
d(log- R)
d(lfT)

• _

Afl* + R' T
2.303 X R'

The heat of activation was calculated to be 10,900 cal
mole-1 at 30°C for 0.15~ chromate ion concentration and
a pH of 8.7J and to be 11,000 cal mole- 1 at 30°C for
o.2M chromate ion concentration and a pH of 7.2.

4.

The Isotope Effecta

The rates of the oxygen exchange were studied in
ordinary water and in deuterium oxide.
given in Table VII.
faster in
in

n2 o

n2 o

The results are

The exchange reaction proceeded

at pH 7.20 solution and proceeded slower

for the solution at pH 8.70.

are:

= 0.71

at pH= 8.70

Rn/HH = 1.64

at pH= 7.20

Rn/RH

The ratios obtained

25

Table VII.

The Bate of Oxygen Exchange in

n2 o

and in H2o at 30°C

Solvent

{Cro=4 )!1

pH

ti,min.

n2 o

0.20

8.7

570

5.83

H20

0.20

8.7

405

8.24 X 10- 2

n2o

0.20

7.2

21

1.648

H20

0.20

7.2

33

1.008

Bate*

*Bate in g-atom-oxygen 1-l h r -1 •

X lo- 2
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IV.

A.

DISCUSSION

Proposed Reaction Mechan1smsa
From the experimental results, three possible

mechanisms can be formulated which are consistent with
the observed rate law for the solutions of pH values
higher than 10.
Mechanism Is
rapid and
reversible

-

cro:: + 20H•

rate-determining

..1

rapid
rapid
The overall equation yields the following rate lawa
R • k 2 k1 (Cr04)(H 2 0)
k_l

Mechanism IIa
0•••• H-0 *-

cro4 + H o* ki
2 c kll
0 •· • ··H-0,*

I ~I
0-Cr-O· .. H

. fo-tr-oJ

-

*
3 • HCrO':lO- +
.....:;.......

k

.

0

• + oH-----. cro 3o.* + H2o

HCro 3o

R • k3

'

.l'

011

I

~

rapid and
reversible

..~

ki
k!l

(cro4> (H 2o*>

rate-determining
rapid
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Mechan ism IIIz
0 ····H-0 *
k1
k'-1

Cr04 + H20*

o
fo-to~r~~

a.

I
r
0

:a

I

o-cr-O ···H

rapid and
revers ible

=

* + 2oHcro 2 o=

k4

*
H2 cro 2 o 2
cro 2 o *2- + 2H 2 o

*
*
cro 2 o= + H2 o
H2 cro 2 o *2 + 20HR

k'1
k'-1

= k4

rate-d etermining
rapid
rapid

= {H20 * )
{ Cr04)

All of the above rate laws can be reduce d toa
R
or

= k(Cro4 ) (H 2 o)

R = k'{Cro4 >

where

and

k= k2

kl
r1
k_l

{for Mechan ism I)

k = k3

k'1
r2
k'-1.

{for Mechan ism II)

k = k4

kf

(for Mechan ism III)

k'-1

r3

When the ionic streng th of the reactio n medium is held
r2. and r3 which are functio ns
consta nt. the terms

·r;_·.

of the activi ty coeffi cients of the reacta nts and the
activa ted comple x are assume d to be consta nt.
For solutio ns of pH values lower than 10, the exchan ge
is acid depend ent and there are two possib le mechan isms to
be tormul ated.
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Mechanism IVa
Cr04 + H o+ ~k~l!!!:=~· HCro4- + H2o
3 'k_l
k2

HCro4 + cro4
cr 2

o7

rapid and
reversibl e
rate-deter mining

o

+ H2o*----. cr 2o 6 ol + H2
(cro4> (H 3o+)
R = k 2 k1
k_l

rapid

Mechanism V:
cro4 +

a 3o+ :;: : .=:k=1!!!:=:::::!' HeroI;: + H2o
k_l

HCro.i; + HCro.i; __k_3"'-tl, H2o + cr 2 o?
cr 2 o7 + H2o*

H2 cr 2o 7o*

rapid and
reversibl e
rate-deter mining
rapid

rapid
H2 cr 2o 7o * --------~H 2 o+ cr 2o 6 o=*
(cro4><Hc ro,4)(H 3o+)
k1
k_l
These two rate laws can be expressed bya
R ==

k2(HJO+) (Cro4) 2 + k3(H 3o+)(HCro4 ><cro4>
k2 = k2 kl r l
where
k_l
kl

fr2

k_l
rl andf2 are assumed to be constant when the ionic strength
of the reaction medium is held constant.
B.

Rate Law and Evaluatio n of the Reaction Constants
1.

Rate lawa

From the proposed mechanism s, the rate of the oxygen
exchange between the chromate ion and solvent water can
be expressed bya
R • k 1 (Cr04)(H 20) + k 2 (HCr04)(C r04) + k 3 (HCr0,4) 2

(1)
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2.

Evaluat ion of k 1 , k 2 , and k 3 1

It is necessa ry to evaluat e these specific rate
constan ts k 1 , k 2 , and k 3 • From the relation ships among
the (Hcro4> • (cro4>. and (cr 2 o7> as•
(HCr04)

Kl

= (H+)(Cr0 4)

(2)

_ (cr 2o?>
K2

(Hcro4>

(3)

2

the rate R can be expresse d in terms of the concent rations
of cro4 and H+ only, this can be done by substitu ting
(2) into (l)a
R = k'(Cro4> + k 2K1 (H+)(cro 4> 2 + k 3K~(H+) 2 (cro4> 2
• (cro4>{ ki + k 2K1 (H+)(Cro 4> + k 3K1 (s+)2(cr o4>}

(4)

Equatio n (4) may be used to evaluat e kf, k2 and k 3 • Since
at high pH, the rate is nearly indepen dent on the hydrogen ion concent ration, i.e., the ki (Cr04) term will contribute the most in this equation to the rate, one may
neglect the other terms, and ki is obtaine d.
The evaluat ion of k2 and k3 may be done from equatio n

(4) by rearrang ing itJ thus,
R - kf (cro4>
(H+)(cro 4> 2

It is clear that by plotting the values of

(5)
R- ki(cro4>
(H+)(Cro 4> 2

vs. (H+), the slope of the line will be the value of
and the interce pt k 2K1 • The value of K1 may be obk

Ki

3

tained by extrapo lation from those data reporte d by other
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workers:
10 6 (22),

K1 (p=O)

= 3.16

K1 (~=4) = 7.0

X

x 10 6 (21), K1 (p=O.ll) = 1.35 x
105(13), and K1 (p=3) = 7.94 X

10 5 (13), and K1 ~=3) = 7.94 x 105(5). From extrapolating
data K1 = 1.26 x 10 6 at J.J=l. The plotting of
R- ki(cro4>

vs. (H+) is shown on Figure 7.

( H+) ( Cro!n 2

The slope

of the line is about 5.96 x 101 5 and the intercept around

3 x 10 7 •

Then k 2 and k 3 are evaluated. The values for
ki is 1.25 x 10- 2 g-atom-oxygen 1-l hr-1 or 8.7 x lo-7 s -1 •
k 2 is 1.67 x lo-3 M-1 s-1 and k 3 is 0.3 M-1 s-1.
For the evaluation of k_ 2 and k_ 3 we have the
following equations•
k2
k_ 2

=

(cr 2oz><oH-)
(Hcro4><cro4>
or

k2
k

= (Hcro4>

(cr 2oi>

(H+) (Croi;) • (HCr04) 2

•

= K1K2Kw

(6)

-2

k3
k_3

=
(Cr207)

- (HCr04)- 2 = K2

( 7)

= ----KlK2Kw

k2

( 8)

=~

( 9)

k2

The k_ 2 and k_ 3 are so evaluated with the values of
1.35 x 103 M-1 s-1 and 3.06 x lo-3 M- 1 s-1 , respectively.

c.

Comparison of the data with those obtained from

other Methods•
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Table VIII summarizes the rate constants for the
process reported in this study along with the results
obtained by other methods.
The slower rates were assumed to result when the
solutions were free from adventitious impurities which
might catalyze the exchange.

Also, in this work the

temperature is J0°C instead of the 25°C used by the
other workers.

The agreement of the results obtained

by the variety of methods under markedly different conditions of concentration is remarkable.
D.

The Activation Energy and the Isotope Effect:

Many acid-catalyzed reactions are found to proceed
faster in D o+ than in H30+(23)(24),

3

o 3o+

+ cro4

DCr04 + 020

(10)

H o+ + cro4
3

HCr04 + H2 0

(11)

The position of the equilibrium in equation (10) may be
expected to lie farther to the right than the position
of the equilibrium in equation (11),

That is, the net

energy difference between the zero point energies of
products and reactants in equation (10) is larger than
the net energy difference between products and reactants
in (11).

The deuterium isotope effect for the exchange

of oxygen between chromate ion and water gave R 0 /~ =
1,64 at pH 7.20, since chromic acid is a strong acid we
should expect the large isotope effect which was observed.

33

Table VIII.

Comparison o~ Bate Constants Obtained
in This Study with Values Derived ~rom
Other Methods

k' (s-1)
1
8.7 X 10-7

Temp. (°C)

Re~.

This work

JO

7.0 X 10- 7

(lJ)

25

1.2 X 10- 5

(12)

25

k2(M-ls-1)

k_2(M-1s-1)

Re~.

Temp. (°C)

1.67 X 1o-J

1.35 x 103 This work

JO

2.40 x 1o-3
-4
8.80 X 10

2.10 X 103

(13)

25

4.60 X 10 2

( 8)

25

k_ 3 (M-ls- 1 )

Re~.

Temp. (°C)

kJ(M-1 s-1 )
J X 10-1

3.06 x 10-lThis work

l.J

1.40

X

10-Q.

(13)

25

1.8

4.90

X

10-4

( 9)

2J

JO

For the solutions
a 0/~

o~

is less than 1.

pH higher than 8, the isotope

e~~ect

This can be explained by mech-

anisms I, II, and III, since all

o~

these mechanisms in-

volve a bond rupture between H and 0 in the rate-determining
step.
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CONCLUSION

V.

In the pH region where the oxygen exchange between
chromate ion and water was studied, namely from a pH
of 11.50 to a pH of 7.20, the exchange has the rate law
k 1 (Cro4)(H 20) + k 2 (HCr04)(Cr04 ) + kJ(HCr04) 2
R

=

From the experimental results, we may propose that
the slow pH-independe nt exchange observed in the region
of pH greater than 10 is consistent with the process,

=

Cr04 + H2 o ,

kl
k_l

=

• Cr04 + H2o

The near first-order hydrogen ion dependence and secondorder chromate ion concentratio n dependence in the pH
range 8--10 may be explained in terms ofa

+ OH7
For the exchange at pH lower than 8, the increasing deHCr04- + Cr04= ,

ka

K-a

• Cr o=
2

pendence on hydrogen ion concentratio n may be due to a
contribution by the following processa
2HCr04

k3 • cr 2o7 + H2o
k_J

For the pH below 6, the exchange goes too fast to measure
by the present method; the flow technique may be used to
advantage.
The exchange path suggested in the region of below
pH 8 is probably the two dimerization equilibria,
HCroi; + cro4.-.cr 2o? + olf and 2Hcro4¢cr 2 o? + H2o.

The

exchange path in the region of above pH 10 is best shown

by mechanism II, and the exchange path in the region of
pH from ?.2 to 10 by mechanism IV and

v.
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